The effect of various surfactants on the volume% codeposition of SiC in a nickel matrix was evaluated. Of the various surfactants tried, tetra methyl ammonium hydroxide (TMAH) was found to be the best for improving the quality of the deposits as well as the homogenous distribution of particles and with reasonable volume% of silicon carbide incorporation in the matrix. Composites were produced using 1 µm and 50 nanometer size powders. The effect of silicon carbide concentration and bath operating variables on the volume% of SiC incorporation in the deposit and the deposition rates were estimated. Substantial improvement in mechanical properties such as hardness and wear resistance was obtained with the nano SiC composite compared to the micro SiC composite.
Introduction
Composite electroplating is a method of codepositing insoluble particles of metallic or non-metallic compounds such as oxides, carbides, borides, nitrides, diamond, graphite, PTFE or talk in the plated layer to improve material properties such as wear resistance, lubrication, or corrosion resistance [1] [2] [3] [4] . Due to their high wear resistance and low cost of ceramic powders, composite materials such as Ni-SiC manufactured by electro-codeposition method have been investigated to a greater extent and successfully commercialized in the automotive and aerospace industry, particularly for the protection of friction parts [5, 6] . This process can be carried out using either Conventional Electro-Co-Deposition technique (CECD), in which the electrodes are positioned vertically in the plating cell, or by Sediment Electro-Co-Deposition (SECD), in which the electrodes are positioned horizontally one over the other with sufficient inter-electrode distance, so that the particles settle on the electrode surface as sediment on the cathode as the metal deposition progresses [7, 8] . The latter has the advantage of yielding considerably higher volume% incorporation of particles in the deposit compared to the CECD technique for a given volume% of particles in the solution. This has the advantage of conserving the costly insoluble powders, especially those with a very fine size. Schematic representations of the CECD and SECD techniques are shown in Fig.1 . Recently, the availability of ever decreasing particle sizes has expanded metal matrix composite coating's applications [9] [10] [11] . Submicron size particles dispersed into a metal matrix not only promote homogeneity of composites, due to the increased metal-particle contact surface area, but also would be a necessity for use as composite materials in micro-devices. Since components of these devices are of micro scale, the second phase material in the matrix needs to be an order of magnitude smaller, thus, up to nanometric requirement [11] . A variety of nanosized particles ranging from 4 nm to 800 nm diameters, have been successfully incorporated into metallic electrodeposits [3, [12] [13] [14] [15] [16] [17] . By incorporating nanosized particles, properties of the coating such as hardness, wear resistance, strength, scratch resistance, high-temperature corrosion protection, oxidation resistance and self-lubrication, etc., are significantly improved [18, 19] . However, the reduction of particle size will decrease the codeposition content of the particles [13, [18] [19] . According to the literature, it was found that the smaller the particle size, the more difficult the particles embedded in the deposition layer [13, 18, 20] . Further, the codeposition of β-SiC is more difficult than that of α-SiC [21] . Studies have also been reported on the influence of operating parameters on the codeposition of nano-SiC in the nickel matrix [17, 22, 23] . Gyftou et al. [24] have reported the co-deposition mechanism of micro and nano-SiC particles incorporated in nickel matrix. The electro-codeposition process, and hence the structure, the morphology and the properties of the composite coatings is affected by the electrodeposition parameters [25] [26] [27] [28] [29] . Various additives have been studied to reduce the agglomeration of particles [30] , increasing the volume fraction of SiC particles in the deposit, good dispersion and high hardness. In general, cationic and anionic surfactants are being used to change the surface characteristics of the particles [12, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Saccharine has been used by Zimmerman et al. and Lei Shi et al. [22, 42] . The properties of Ni-SiC composite coatings have been improved by producing them as gradient coatings [23, 26, 43] and by using pulse technique or triangular waveform [23, 24, 35, 44, 45] . Nano composites have also been produced by electroless technique [37, [46] [47] [48] [49] [50] . The available data are varied due to the difference in the nature of the bath, type of SiC (α orβ) and its size, additives, current mode, or testing/ analyzing methods adopted, etc. Also, none of the above data are available on Ni-SiC nanocomposites produced by SECD technique, in which the conditions are different from those used in CECD technique. The aim of this work is to optimize operating conditions to produce Ni-SiC (~50nm) nanocomposites from a Watt's bath containing a suitable surfactant, with maximum hardness, wear resistance, scratch resistance and roughness using SECD technique and compare the results with those of Ni-SiC microcomposite (~1 µm) prepared using the same technique. The effect of various surfactants on the volume% incorporation of β-SiC has been evaluated. Tetramethyl ammonium hydroxide (TMAH) is found to be the best surfactant. The composites produced were tested for their microstructural and mechanical properties and compared. 
Experimental

Electrolyte preparation
The plating solution used was a standard Watts' nickel solution. The composition of the plating solution and the plating parameters are given in Table 1 . The bath was prepared using laboratory grade reagents, and purified in the conventional manner [50] . Electrolyte pH was adjusted to 4 electrometrically using dilute sodium hydroxide or sulphuric acid.
The additives
Additives (all except saccharin are surfactants) like Triton X-100 (TX), Dodecyl sulphate (DDS), Saccharin (SAC), Cetyl trimethyl ammonium bromide (CTAB), Tetramethyl ammonium iodide (TMAI) and Tetramethyl ammonium hydroxide (TMAH), were prepared as aqueous solutions and added to the bath at a fixed concentration. The volume% incorporation of SiC in the deposits and the homogenous distribution of SiC in the deposits, produced by CECD technique using 50 g/L of 1 µm size β-SiC in the bath, were examined. The effect of varying the concentrations of CTAB and TMAH on the volume% incorporation of SiC in the deposit was compared using CECD and SECD techniques.
SiC particles preparation
SiC particles with a mean diameter of 1 µm and 50 nm (beta phase, ALFA AESAR & M/S Sigma Aldrich respectively) were used. All particles were used as received without any purification treatment. The particles were blended in a mortar with a little of the electrolyte and the required volume of the surfactant initially to make it as a paste, then added to the required volume of the electrolyte, treated ultrasonically for 15 minutes, and stirred well in a magnetic stirrer for 30 minutes before deposition for homogenizing.
Plating details 250 mL of the fresh electrolyte were taken for each set of experiments. The bath was heated using a thermostat. Deposition was carried out for constant coulombs so as to obtain identical deposit thicknesses (around 50 µm). Mild steel cathodes of 10 x 2.5 cm were used exposing an effective plating area of 4 x 2.5 cm by suitable masking procedures. The cathodes were pretreated in a cleaner solution, rinsed, acid dipped and washed well before entering into the plating solution.
For CECD technique, used to evaluate the additives, the cathodes were positioned vertically as shown in Fig. 1a , facing the anode (plating grade, INCO). The particle concentration in the electrolyte was maintained as 50 g/L. The electrolyte was stirred continuously using a mechanical stirrer at a speed of 800 rpm in order to keep the particles in suspension. For SECD, the plating area of the cathode was bent at right angles so as to face the nickel anode placed above the cathode as shown in Fig. 1b . For the additive's evaluation the concentration of SiC was maintained at 5 g/L. This was kept in suspension by intermittent stirring using a magnetic stirrer at the rate of 30 seconds stirring after every 10 minutes interval. For other studies, the concentration of the particles in the bath was varied between 1-10 g/L. Keeping the concentration of the particles constant (5 g/L), the current density, pH of the electrolyte, bath temperature and stirring speed were varied from 1-3A/dm 2 , 2-5, 40-60 o C, 200-600 rpm, respectively.
Volume% of silicon carbide in the deposit
The volume % of SiC co-deposited in the nickel matrix were measured using a Scanning Electron Microscope (SEM, HITACHI-Model S -3100 N, Japan) fitted with an Energy dispersive X-Ray (EDX) system. The above EDX analysis was done on the surface as well as cross section of the specimen. The coated specimen was mounted on an araldite baking, sectioned, metallographically polished and etched in Nital solution before cross sectional imaging and analysis.
Microstructure examination
Micro structural examination of the composites was made using SEM at different magnifications. Cross-sectional analysis of the composites was made by mounting the specimens in araldite baking, sectioning, metallographic polishing, etching and then examining with SEM. A high resolution Transmission Electron Microscope (JEOL, JEM 2100 TEM, USA) was used to visualize the presence of Nano-SiC in nickel matrix since it was very difficult with SEM. The nano composite coating was peeled off from the deposited substrate and a foil of 3 mm diameter was obtained using a disc punch, and it was further thinned by using a Gatan Precision Ion Polishing System.
Micro hardness
Micro hardness of the deposits produced by varying volume% of SiC and the operating conditions was estimated using a Vickers micro-hardness tester, (METATECH, Model MVH-I -Pune, India) applying a load of 50 gms.
Wear loss estimation Weight loss method
The composites were tested for wear loss using a reciprocating type wear tester provided with a 6.3 mm steel ball and a piezo-electric sensor to measure the force (Wear Tester, DUCOM, 181-106-M, DUCOM Instruments Pvt. Ltd, Bangalore, India). The test specimen size was 50 mm x 25 mm. The entire operations of the wear tester have been carried out using a WINDUCOM operating software. A stainless steel spherical ball of 6.3 mm diameter was allowed to reciprocate for 10 mm stroke length over the coated specimen with a normal load of 1 N for 360 reciprocating cycles. Each specimen was tested for wear loss for 360 cycles, i.e., 5 runs consisting of 72 reciprocating cycles for each run of 10 mm stroke. 72 cycles for each run have been obtained by reciprocating the spherical ball at the rate of 2 cps for 36 seconds. The wear loss for each test specimen was measured after every five test (average of duplicate experiments) runs, i.e., after 360 reciprocating cycles using an electronic digital weighing balance with an accuracy of 0.01 mg. Fig. 2 and 3 show the effect of various surfactants/additives on the volume% of SiC in the nickel deposit, using CECD technique. Triton X-100, a non-ionic surfactant, dodecyl sulphate, an anionic surfactant, and saccharin, have very little effect on improving the volume% of SiC incorporation in the nickel matrix. However, the cationic surfactants, especially CTAB, TMAI and TMAH, have a tremendous influence on the SiC incorporation percentage. They increased the volume% of SiC incorporation at 2A/dm 2 from 3% to 7-8%. Since it was feared that iodide ion may affect the deposit qualities and bath function, CTAB and TMAH were taken for further studies. The colloidal particles in aqueous solution are in charged state. Consequently, a charged particle suspended in an electrolyte solution tends to be surrounded by an ionic cloud. It was reported that the surface charge of the SiC can adsorb Ni 2+ ions and change the polarity of the SiC from negative to positive in an aqueous solution containing Ni 2+ ions [21] . Similarly, the addition of surfactants helps modifying the surface charge and decrease particle agglomeration, and thereby enhances their electrostatic adsorption on the cathode surface [51] . It has also been reported that the surfactants change the zeta potential of the particles. The addition of surfactants decreases the agglomeration of particles so that the amount of effective particles would be significantly increased resulting in higher amounts of the codeposited SiC in the nickel matrix. Increase in their concentration helps increasing the volume% SiC incorporation in both cases. However, CTAB causes excessive foaming in the bath with increasing concentration, which makes not only the co-deposition difficult but also makes the deposit non-uniform. Maximum volume% of SiC could be obtained with TMAH than CTAB. In the case of TMAH, though foaming problem was not encountered, the deposit became dark and powdery at higher concentrations. This is attributable to more surfactant molecules being available for adsorption onto the particles surface, increasing the strength of the surface charge on the particles leading to stronger attraction to the cathode surface [26] . TMAH and CTAB, respectively, and problems such as loss of deposit quality/ foaming faced at higher concentration of the additives were more under SECD technique, due to the higher amount of particle incorporation. Considering the higher volume% and other microstructural properties discussed below, TMAH was selected for further experiments. The advantage of using SECD technique can be very well appreciated by the nearly 4 times increase in the volume% incorporation with ten times lower SiC concentration in the bath (5 g/L as against 50 g/L). 
Results and discussion
Effect of surfactant
Surfactant effect on microstructure
As shown in Fig. 7a and b, the micrograph of the electrodeposited nickel consists of pyramidal crystals with pronounced crystallographic polyhedral form with equigrannular structure [15, 52] , whereas the composite coating without any surfactant shows a spherical nodular surface structure. The particle distribution is not clear. Figs. 8a-c show the SEM micrographs of Ni-1 µm SiC composites at various concentrations of CTAB. At very low concentration (0.003 M), though the deposit clearly shows the distribution of particles, it still has a nodular structure. At 0.007 M, the nodular structure has been further modified. With still higher concentrations, (>0.01 M), the particle incorporation is much higher than the matrix metal and the presence of voids in between the grains is observed.
Figs. 9a-c show the effect of TMAH addition on the SEM microstructure of the composites. Addition of 0.002 M TMAH refines the structure considerably which is evident from the less agglomerated SiC particles and a smooth structure. The change in the morphology has been attributed to the change in the preferred orientation [15] . At 0.02 M, the extent of particle incorporation is considerably increased uniformly, probably due to the increased surface charge, and above 0.05 M, as observed for CTAB, the structure consists of isolated grains with voids in between. In general, the deposit morphology obtained with TMAH was much finer than that with CTAB. 
Effect of particle size on the codeposition
The codeposition of SiC particles smaller than 100 nm is more difficult than micron and submicron size particles [7, 24, 30, 53] . Nanoparticles have a strong tendency to agglomerate due to their high activity [16] . They agglomerate in the plating bath as well as in the deposit even at low concentrations. The agglomeration by forming large particles reduces the number of effective particles. Moreover, a larger agglomerated particle enhances roughness of the deposit and causes its spalling from the matrix since the bonding is insufficient. It has been reported that codeposition of β-SiC is more difficult than α-SiC due to the difference in their zeta potential. α-SiC particles are more negative than β-SiC and hence the amount of adsorbed surfactant ions is smaller for the β-SiC than the former. Table 2 shows the volume% of β-SiC obtained at different conditions. The volume% obtained for nano particles are always less than that of its counterpart. According to Garcia et al., with decreasing the particle size, the number of particles increases as well as the number density of the particles in the composite. Table 2 shows the effect of nano and micro SiC concentration on the volume% incorporation in the deposit and their deposition rate in presence of TMAH.
Effect of SiC concentration in the bath
The volume% of SiC in the composites, irrespective of the particle size, increased with increasing the concentration of the particles in the plating solution up to around 7 g/L and then showed a plateau. The rising trend might be due to the increase in the number of SiC particles approaching the cathode with the increasing SiC content in the plating bath. Only those particles that remain adsorbed on the cathode surface for a sufficient period of time are successfully incorporated into the growing nickel matrix. Since the number of particles approaching the cathode surface increases with the increasing SiC content in the bath, they agglomerate and block the surface available for nickel deposition [14] . This results in increased actual current density for nickel deposition and also reduces the metal binder required to hold the particles making the deposit powdery. It is observed that the volume% incorporation of nano SiC particles in the composite is lower than that of the micron sized particles at all concentrations. This could be attributed to the relatively higher extent of agglomeration of nano sized particles in presence of TMAH compared to the latter. However, due to the smaller size, their number density in the composite is higher, which is responsible for their improved mechanical properties compared to the micron sized particles. The deposition rate is slightly less for the nanocomposites. This should be due to the smaller density of SiC (3.2 g/cm 3 ) which is taken for the deposition rate calculations. Table 2 also shows the effect of pH, current density, temperature and stirring rate on the volume% incorporation of the two composites and their deposition rate in presence of 0.02 M TMAH. The volume% incorporation of both particles shows an increasing trend with pH up to 4 and with increase in stirring rate. But there is a decreasing trend with current density and bath temperature which is reflected in their deposition rate. Table 3 shows the variation of hardness and wear resistance of the two composites with the volume % SiC in the deposit. Nano composites show higher hardness and wear resistance than the micro composites. This can be attributed to the uniformly dispersed smaller sized particles with a higher number density in the matrix. The nano composites showed a maximum hardness of 385 VHN and minimum wear loss of 0.8 mg at around 24.0 volume%, whereas the micro composites exhibited a maximum hardness of 348VHN and minimum wear loss of 1.8 mg at around 29.0 volume% SiC in the deposits. Table 3 . Variation of hardness and wear loss with the volume% incorporation of SiC in the nano and micro composites.
Effect of volume% of SiC on the properties of composites
Conclusion
The cationic surfactants help increasing the volume% incorporation of β-SiC in the nickel matrix. Of all the additives investigated, TMAH is found to be the best for producing deposits with highest volume% SiC incorporation and a more homogenous distribution. The SECD technique enables higher volume% incorporation of particles in the deposit for a given volume% of SiC in the bath compared to the CECD technique. Though nano composites had lower volume% incorporation than the micro composites, they exhibited higher hardness and wear resistance than the Ni-micro SiC composites. This is attributed to the higher number density of particles embedded due to the smaller size. 
